Although transmission of the gene expression program from mother to daughter cells has been suggested to be mediated by gene bookmarking, the precise mechanism by which bookmarking mediates post-mitotic transcriptional re-activation has been unclear. Here, we used a real-time gene expression system to quantitatively demonstrate that transcriptional activation of the same genetic locus occurs with a significantly more rapid kinetics in post-mitotic cells versus interphase cells. RNA polymerase II large subunit (Pol II) and bromodomain protein 4 (BRD4) were recruited to the locus in a different sequential order on interphase initiation versus post-mitotic re-activation resulting from the recognition by BRD4 of increased levels of histone H4 Lys 5 acetylation (H4K5ac) on the previously activated locus. BRD4 accelerated the dynamics of messenger RNA synthesis by de-compacting chromatin and hence facilitating transcriptional re-activation. Using a real-time quantitative approach, we identified differences in the kinetics of transcriptional activation between interphase and post-mitotic cells that are mediated by a chromatin-based epigenetic mechanism.
Transcriptional induction is a dynamic process that involves the recruitment of a transcriptional activator and members of the chromatin remodelling and transcription machineries as well as proteins functioning in RNA processing, packaging and export [1] [2] [3] . Most studies examining gene expression have used in vitro systems and/or analysed fixed cells. However, over the past few years a number of groups have developed live-cell imaging approaches to study various aspects of gene expression at high spatial/temporal resolution [4] [5] [6] [7] [8] [9] . A thorough analysis of the dynamics of the gene expression machinery and its interactions with chromatin within the context of the cell nucleus is essential to advance our understanding of the regulation of gene expression.
Transcription is silenced during cell division; however, it must be re-activated on exit from mitosis to maintain cell lineage [10] [11] [12] [13] and cell-cycle progression. Transmission of the expression status of genes from mother to daughter cells has been suggested to be mediated by gene bookmarking, which may involve transcription factors, histone modifications/variants and/or DNA methylation [10] [11] [12] [13] . However, the mechanism by which gene bookmarking mediates post-mitotic transcriptional re-activation has not been fully elucidated. Although several recent studies have examined transcriptional activation in interphase cells 8, 9, [14] [15] [16] , the kinetics of transcriptional activation of the same genetic locus in interphase versus post-mitotic cells has
RESULTS

Differences in the kinetics of transcriptional activation of the same genetic locus in interphase and post-mitotic cells
To study the kinetics of transcriptional induction we developed a series of cell lines stably expressing different sets of proteins based on the previously described doxycycline (Dox)-inducible U2OS-2-6-3 cells 8, 17 (Fig. 1a ). These cell lines correctly recapitulate the dynamics of Pol II and nascent transcripts (MS2) during the cell cycle, coordinated with nuclear envelope integrity as monitored by lamin-B1 labelling 18, 19 ( Supplementary Fig. S1 ).
U2OS-2-6-3 cells, stably expressing pTet-On, mCherry-Pol II and MS2-YFP, allowed real-time imaging of the dynamics of Pol II recruitment and mRNA synthesis indicated by the MS2 signal ( Fig. 1a ). Following doxycycline (1 µg ml −1 ) induction, Pol II was gradually . Cells were induced with doxycycline overnight before imaging. Cells with an active locus were followed (right). Both Pol II and MS2-YFP dissociate from the locus on entry into mitosis. On exit from mitosis both fusion proteins were recruited to the daughter loci (white arrowheads indicate the presence of signal; yellow arrowheads indicate an absence of signal). Images were taken every 2 min. Scale bars, 10 µm (main panel) and 2 µm (inset). (d) Quantitative analysis showed that Pol II recruitment was 13 times more rapid during post-mitotic re-activation, compared with interphase induction. The Pol II signal at the locus was quantified across the imaging session for each cell and the average curve was generated (left) as described in the Methods. The rising time (right) of the Pol II signal for interphase induction and post-mitotic re-activation was plotted as mean ± s.e.m. (208.1 ± 22.9 min versus 16.5 ± 6.0 min; n = 17 for interphase induction, n = 19 for post-mitotic re-activation.) (e) mRNA production was 5 times more rapid during post-mitotic re-activation, as shown by quantitative analysis of mRNA production at the locus during interphase induction and post-mitotic re-activation. The MS2-YFP signal was quantified across the imaging session for each cell and the average curve was generated (left) as described in the Methods. The rising time (right) of the MS2-YFP signal for interphase induction and post-mitotic re-activation was plotted as mean ± s.e.m. (157.6 ± 19.0 min versus 34.3 ± 7.6 min; n = 13 for interphase induction, n = 25 for post-mitotic re-activation).
recruited to the locus, resulting in an increase of the MS2 signal, indicative of interphase transcriptional activation ( Fig. 1b ). Initial Pol II recruitment preceded the accumulation of MS2 by approximately 3 min, consistent with previous findings 14 (Supplementary Movie S1). We established a quantitative approach to align the Pol II and MS2 signals to allow comparison of the kinetics of their recruitment during interphase transcriptional activation ( Supplementary Fig. S2 ). Quantification of cells induced with doxycycline during interphase showed that Pol II and MS2 reached a plateau level in 208 min and 158 min, respectively ( Fig. 1d ,e, blue traces and bars), indicating a steady but slow increase in the activation of the genetic locus associated with interphase induction. During mitosis, both Pol II and MS2-YFP signals were cleared from the locus (Fig. 1c ). However, on exit from mitosis, Pol II rapidly re-accumulated at the locus and mRNA synthesis was first detected approximately 2-6 min later ( Fig. 1c and Supplementary Fig. S1 and Movie S2). Interestingly, in contrast to the relatively slow kinetics associated with interphase transcriptional activation, both Pol II and MS2 reached a plateau level much more rapidly (16 min and 34 min, respectively) during post-mitotic transcriptional re-activation ( Fig. 1d ,e; red traces and bars). By comparing the rising time (see Supplementary Methods) during post-mitotic transcriptional re-activation versus interphase activation, we found that the kinetics of Pol II and MS2 recruitment was more than 13 times and 5 times faster, respectively. The rapid re-activation was not due to a primed activation as the Tet-On activator was also released during mitosis, nor the accessibility of doxycycline because a higher concentration of doxycycline (10 µg ml −1 ) did not accelerate interphase initiation ( Supplementary Fig. S3a,b ). It is interesting to note that MS2 had a shorter signal rising time ( Fig. 1e ) than Pol II ( Fig. 1d ), which is probably due to differences in the dynamic nature of Pol II and MS2 recruited to the locus. Whereas Pol II can reside at the locus in different states (engaged, paused or escaped) 16 , and gradually accumulates, the level of MS2 is strictly limited by the amount of actively transcribed mRNA, which leaves the locus on being fully transcribed 20 . It has been calculated that only ∼1% of the recruited Pol II is actively functioning at the transcription site during the steady-state transcriptional phase 16 . The late Pol II plateau that we observed may be the consequence of this very active transcription site creating a transcriptional microenvironment that acts as a seed to recruit excess free polymerase that rapidly exchanges on/off the locus. Earlier studies examined post-mitotic transcription by evaluating global transcription from cell populations at limited time points [21] [22] [23] [24] [25] . The present study carried out with significantly higher temporal resolution in individual living cells demonstrated a significantly increased kinetics of Pol II recruitment and mRNA synthesis in post-mitotic cells (Fig. 1) . The differential kinetics observed here indicates that different mechanistic variations may be involved in these two themes of transcriptional activation.
Interphase transcriptional activation results in a transcriptional memory that is transmitted through mitosis
The faster kinetics of post-mitotic transcriptional re-activation could be mediated by one of two possible mechanisms. First, global chromatin de-condensation on exit from mitosis could facilitate the transcription process for any gene activated during that time window. Second, a gene bookmark left by a previous transcriptional activation could account for the rapid re-activation of the same gene. To distinguish between these two possibilities, we carried out an 'induction during mitosis' experiment. Cells containing an inactive locus were synchronized at metaphase by nocodazole treatment (50 µg ml −1 , 6 h) and following nocodazole wash-out doxycycline was added to induce transcription ( Fig. 2a ). The kinetics of transcriptional activation paralleled that of interphase induction, rather than post-mitotic re-activation ( Fig. 2b,c) , indicating that the signal for rapid post-mitotic re-activation must be generated during the previous interphase. To exclude the possibility that nocodazole treatment slowed down transcriptional kinetics, we induced transcription in interphase cells with doxycycline overnight and then synchronized the cells with nocodazole. After releasing the cells from nocodazole, we still detected the characteristic rapid recruitment of Pol II and MS2 in post-mitotic cells ( Supplementary  Fig. S3c ). These results indicated that a gene bookmark left by previous interphase transcriptional activation was crucial for the rapid kinetics of post-mitotic transcriptional re-activation, and that global changes in chromatin decondensation in post-mitotic cells was not sufficient for accelerating transcriptional activation.
Next, we examined whether a gene that was previously activated in interphase would show increased kinetics on a second interphase activation without passing through mitosis. Doxycycline was added to interphase cells to induce transcription for 24 h, washed out to abolish transcription at the locus and then re-added to induce a second interphase transcriptional activation ( Fig. 2d ). During the inactivation process of washing out doxycycline (∼3 h), both the Pol II and MS2 signals dissociated from the locus, and the locus re-condensed ( Supplementary Fig. S3d ). During the second interphase transcriptional activation, the kinetics of both Pol II and MS2 recruitment were not increased, but instead were comparable to the first interphase transcriptional activation ( Fig. 2e ,f). These results indicated that transcriptional memory can be preserved during mitotic transcriptional silencing, but not during interphase transcriptional inactivation. Together, these results demonstrated that interphase transcriptional activation can induce transcriptional memory, which can be preserved during mitosis and is crucial for rapid post-mitotic transcriptional re-activation.
Interphase transcriptional activation results in a bookmark that is transmitted through mitosis
To decipher the mechanism of increased transcriptional kinetics of post-mitotic re-activation, we were interested in identifying the specific 'bookmark' responsible for rapid gene activation in this system. Histone modifications have been recognized as one type of gene bookmark that can mediate transcriptional re-activation in daughter cells 11, 12, 22, 24, 26 . We carried out chromatin immunoprecipitation (ChIP) using antibodies against several histone modifications, including H3K4me3, H3K36me3, H4K5ac, H4K8ac, H4K12ac, H4K16ac, H3K9ac and H3K14ac (refs 22,24,26-31) , and different primer sets spanning the promoter region and downstream regions of the genetic locus ( Fig. 3a ). Following interphase doxycycline induction, the most pronounced increase was that of H4K5ac at the promoter region of the genetic locus, whereas the other histone modifications did not show as significant an association or change at this locus ( Fig. 3b ), consistent with a recent study 14 bookmark for post-mitotic transcriptional re-activation, it should be preserved on the chromatin during mitosis. Indeed, when cells were synchronized at metaphase by nocodazole, the increased H4K5ac was well preserved at the promoter region, although transcription was fully inactivated during metaphase ( Fig. 3c ). These results indicate that gene bookmarking at this locus may be part of an 'epigenetic memory' carried out by the H4K5ac mark. Interestingly, previous studies have indicated histone acetylation to be present through mitosis 25, 31 . Importantly, the level of H3K9me3, a known mark for inactive loci, was found to be significantly decreased following interphase doxycycline induction, whereas the total H3 level was not changed ( Supplementary  Fig. S4b ). To further confirm the association of acetylated H4 (H4ac) on the previously activated genetic locus during mitosis, we carried out immunofluorescence microsccopy on metaphase cells using an antibody recognizing H4ac ( Fig. 3d and Supplementary Fig. S4c ). Together, these results show that interphase transcriptional activation induces H4 acetylation, which is preserved during mitosis and may serve as an epigenetic gene bookmark recognized by the transcriptional machinery in post-mitotic cells, thereby mediating rapid post-mitotic transcriptional re-activation.
BRD4 modulates post-mitotic transcriptional re-activation
To achieve the rapid kinetics associated with post-mitotic transcriptional re-activation, a gene bookmark must be recognized by the transcriptional machinery. It has been reported that BRD4, which binds acetylated histones 27, 32 , is involved in regulating post-mitotic gene expression 21, 25 . Previous studies have indicated a role for BRD4 in the recruitment of the positive transcription elongation factor b (p-TEFb) complex 21, 25, 33 , and BRD2 and BRD4 have been shown to be recruited to an interphase doxycycline-induced locus 14 .
To determine the precise role of BRD4 in post-mitotic transcriptional re-activation, we examined the recruitment of BRD4 paired with other members of the transcription machinery such as Pol II and CDK9, a member of the p-TEFb complex, by transiently expressing different pairs of these proteins (BRD4 and Pol II, CDK9 and Pol II, or BRD4 and CDK9). By immunofluorescence labelling, we found the association of BRD4 on the induced locus during mitosis in ∼ 50% of cells ( Supplementary Fig. S5a ). Pol II recruitment preceded both BRD4 and CDK9 recruitment by approximately 3-6 min on interphase induction (Fig. 4a , left panel and Supplementary Fig. S5b ), whereas BRD4 and CDK9 showed no detectable time difference in recruitment under our imaging conditions ( Supplementary Fig. S5d ). However, during post-mitotic transcriptional re-activation, BRD4 was recruited to the locus before both Pol II and CDK9 by approximately 2-4 min (Fig. 4a , right panel; quantification shown in Fig. 4b and Supplementary Fig. S5c,e ). The concomitant recruitment of BRD4 and CDK9 during interphase transcriptional activation probably results from BRD4 binding and recruiting CDK9 to form a functional transcription elongation complex 21, 33, 34 . However, recruitment of BRD4 to the post-mitotic locus before Pol II and the clear time lag between BRD4 and CDK9 recruitment indicate that BRD4 may recognize the H4K5ac mark at the locus, and thus may be involved in additional functions during post-mitotic transcriptional re-activation.
The results of several studies have indicated that BRD4 is important for post-mitotic transcriptional re-activation, as decreased levels of mRNA transcripts or protein product were observed after knockdown of BRD4 (refs 21,25) . Thus, we were interested in determining whether BRD4 knockdown would slow down the kinetics of post-mitotic transcriptional re-activation. We used BLOCK-iT Fluorescent Oligo (Invitrogen) to label BRD4-knockdown cells ( Supplementary Fig. S6a,b ). We then imaged mitotic cells treated with either BRD4 siRNA or control siRNA. Cells treated with a control siRNA exhibited a decreased kinetics of mRNA synthesis during post-mitotic re-activation probably due to stress induced through liposome-mediated transfection as previously reported 35, 36 and which can inhibit Pol II elongation 37 . We found that when BRD4 was knocked-down, cells proceeded to go through mitosis and, ultimately, significant mRNA production was observed in daughter cells (Fig. 4c ). However, quantification showed that the kinetics of mRNA production during post-mitotic transcriptional re-activation was significantly decreased in BRD4 siRNA cells, when compared with control siRNA cells (Fig. 4d) .
A recent discovery identified a selective inhibitor of bromodomain and extra-terminal (BET) family members, named JQ1, which exhibited selective binding to the bromodomains of BET family members, with the highest affinity towards BRD3 and BRD4 (ref. 38) . JQ1 treatment significantly decreased the stability of BRD4 association at the active transcription site as examined by fluorescence recovery after photobleaching (FRAP) experiments ( Supplementary  Fig. S7 ). More interestingly, JQ1 treatment significantly slowed down the kinetics of post-mitotic mRNA synthesis (Fig. 4f) , indicating that the stable binding between the bromodomain and acetylated histones may be important for H4K5ac-BRD4-mediated efficient postmitotic transcriptional re-activation. Neither BRD4 siRNA nor JQ1 treatment significantly slowed down interphase initiation, indicating a more prominent role for BRD4 in mediating efficient post-mitotic transcriptional re-activation ( Supplementary Fig. S6c-e ).
A role for BRD4 in chromatin de-compaction
Previous studies reported BRD4 binding to mitotic chromosomes throughout mitosis in mouse cell lines but not in HeLa cells 21, 25, 39 . In human U2OS cells, when the locus was activated by doxycycline in interphase, BRD4 could be detected on the locus in ∼ 50% of mitotic cells by immunofluorescence microscopy, although there was no general association of BRD4 with mitotic chromosomes ( Supplementary Fig. S5a ). These results indicate that, although most BRD4 seems to be excluded from the chromosomes during mitosis, the acetylated histones at some bookmarked promoters could retain a population of BRD4. Therefore, although it is difficult to detect BRD4 on mitotic chromosomes by immunofluorescence microscopy, the presence of 200 copies of our locus probably amplified the fluorescent signal of BRD4 enough to allow us to detect the association of BRD4 at the mitotic locus. Interestingly, BRD4-associated mitotic loci are larger than those loci that were not previously activated by doxycycline induction (Fig. 4g,h) . JQ1 treatment abolished the BRD4 association on the mitotic loci that were previously induced by doxycycline addition, and resulted in the size of the mitotic loci being comparable to uninduced loci (Fig. 4g,h) . These findings support a role for BRD4 and acetylated histones in chromatin de-compaction. Interestingly, it has been reported that the architecture of the promoter region of formerly activated genes is less compact during mitosis 11, 12, 40, 41 , which may be due to the association of BRD4 on these promoters.
To further investigate whether BRD4 could influence chromatin compaction and whether BRD4 is responsible for the accelerated transcriptional re-activation, we tethered BRD4 to the locus through the LacI fusion protein. Surprisingly, even in the absence of doxycycline induction, tethered BRD4 resulted in significant de-compaction of the locus with no detectable Pol II recruitment and mRNA synthesis ( Fig. 5a ). This de-compaction is not associated with changes in histone modification, that is increased acetylation or decreased H3K9me3, on the tethered locus ( Fig. 5b) . On inducing BRD4-de-compacted loci with doxycycline during interphase, we observed significantly accelerated kinetics of both Pol II recruitment and MS2 accumulation ( Fig. 5c,d ; the interphase and post-mitosis induction plots from Fig. 1 (blue and green lines and bars) are co-plotted for ease of comparison). To further understand the de-compaction function of BRD4, we examined 15 different deletion mutants of BRD4 that contain different protein domains (Fig. 6a) . Surprisingly, among the two bromodomains (BD1 and BD2) of BRD4, only BD1 is critical for the locus de-compaction function, and tethering BD1 together with the short amino-terminal domain (NBD1), rather than BD1 alone, was sufficient to de-compact the locus (Fig. 6b) , indicating that the N-terminal domain is required for proper folding of the BD1. Tethering this minimum domain (NBD1) indeed accelerated transcriptional initiation on interphase induction, whereas tethering the mutant lacking only BD1 had no effect ( Fig. 6c and compare with Fig. 5d ). Following JQ1 treatment, LacI-NBD1 was still able to de-compact the locus, indicating that the de-compaction function of NBD1 is independent of its binding to acetylated histones ( Fig. 6b  (panel v) , +JQ1 compared with −JQ1). These results indicate that the early recruitment of BRD4 and its chromatin de-compaction effect may be functionally responsible for mediating rapid post-mitotic transcriptional re-activation. This newly discovered role for BRD4 is not totally unexpected, as chromatin acetylation is related to open chromatin architecture 6, 42, 43 and chromatin compaction has been found to directly affect transcription in vivo 44 . Together, these results demonstrate that BRD4 is a key mediator of the rapid kinetics of postmitotic transcriptional re-activation, probably through stable binding with H4K5ac and subsequent chromatin de-compaction, thereby facilitating the recruitment of other members of the transcriptional initiation and elongation machineries.
DISCUSSION
Taken together, our results support the following model (Fig. 6d ). On transcriptional induction in interphase, the gene expression machinery is recruited to the locus. Transcriptional activation results in an increased level of H4K5ac at the promoter region of the locus. On entry into mitosis, transcription is shut down; however, the enhanced level of H4K5ac is maintained and transmitted to daughter cells, serving as a gene bookmark for post-mitotic transcriptional re-activation. A residual amount of BRD4 is also associated with the locus through strong binding with H4K5ac and maintains a relatively less compacted locus. On exit from mitosis, additional BRD4 is rapidly recruited to the daughter loci, presumably through recognition of the H4K5ac marks at the promoter region, and this recruitment leads to rapid chromatin de-compaction at the locus, which further facilitates the recruitment of other members of the transcription machinery, including Pol II and CDK9. BRD4 and members of the transcription machinery then work cooperatively to achieve the rapid post-mitotic transcriptional re-activation of the daughter loci in early G1 cells.
Timely activation of bookmarked genes is essential for cell-cycle progression and embryonic development. Previous studies showed that knockdown of BRD4 in NIH3T3 and mouse embryonic fibroblasts results in G1 arrest or a delay of G1 gene expression 21, 45 . In addition, the , and there was no CFP protein production (left). Following doxycycline addition the locus was de-compacted, and there was CFP protein production (middle). The locus was even more de-compacted with LacI-mCherry-BRD4 tethering in the absence of doxycycline, but no CFP was produced (right). (n = 24, 27 and 36 for LacI − Dox, LacI + Dox and LacI-BRD4-Dox respectively.) Scale bar, 10 µm. (b) Tethering BRD4 protein, by fusing BRD4 with LacI-mCherry, to the locus in the absence of doxycycline de-compacted the locus without the recruitment of Pol II or mRNA production (arrowheads), in cells stably expressing YFP-Pol II or MS2-YFP. BRD4 tethering did not result in a significant increase of histone acetylation on the locus, nor did it result in decreased association of heterochromatin marker HP1α. Cells were transiently transfected with LacI-mCherry-BRD4 and were fixed at interphase. Cells were immunostained for TH4 or HP1α (scale bar, 10 µm). (c) Tethering BRD4 protein to the locus significantly accelerated Pol II recruitment during interphase induction (75.8 ± 10.6 min) when compared with control interphase induction (taken from Fig. 1d , for ease of comparison) without BRD4 tethering (208.1 ± 22.9 min). However, Pol II kinetics was still significantly slower than that in post-mitotic re-activation. Post-mitosis re-plotted from Fig. 1d for ease of comparison (16.5 ± 6.0 min; mean ± s.e.m.). (n = 17 for interphase induction, n = 13 for LacI-BRD4 interphase induction, n = 19 for post-mitotic re-activation.) (d) Tethering BRD4 protein to the locus significantly accelerated mRNA synthesis during interphase induction (71.5 ± 13.2 min) when compared with control interphase induction (re-plotted from Fig. 1e for ease of comparison) without BRD4 tethering (157.6 ± 19.0 min). Tethering BRD4 results in kinetics that is closer to that observed in post-mitotic re-activation (34.3 ± 7.6 min). Post-mitosis re-plotted from Fig. 1e for ease of comparison. (mean ± s.e.m.; n = 13 for interphase induction, n = 17 for LacI-BRD4 interphase induction, n = 25 for post-mitotic re-activation.) promoter regions of M/G1 genes have been shown to be associated with both acetylated histones and BRD4 during mitosis 25 . Our observations of BRD4 recruitment to daughter nuclei and the loci before Pol II recruitment in post-mitotic cells support a more global role for BRD4 in post-mitotic gene activation. It remains to be determined what regulates the selection of BRD4-associated genes. Interestingly, not all bookmarks are directly correlated with previous interphase transcriptional status. A recent study 46 showed a vast reorganization of mixed lineage leukaemia protein occupancy during the cell cycle. For example, some genes were occupied in both interphase and mitosis whereas others acquired the bookmark only during mitosis, but the overall function of these mixed lineage leukaemia bookmarks was to modulate post-mitotic gene activation 46 .
Our results also raise some very interesting questions and provide new directions for future studies. For example, it will be interesting to determine exactly how BD1 de-compacts chromatin, why BD2 does not contribute to chromatin de-compaction and what the structural benefit of the small N-terminal domain is to BD1 in chromatin decompaction. Our results also indicate that it will be beneficial to systematically re-examine the function of other bromodomain-containing proteins, in particular other BET family members. Indeed, BRD2 has also been shown to be associated with mitotic chromosomes by selectively binding to acetylated H4K5/K12 (refs 47-49) . Among all of the bromodomains, the BD2 of BRD2 is most highly conserved with BD1 of BRD4 (ref. 38) . We established a system to investigate gene bookmarking during post-mitotic transcriptional re-activation and its underlying mechanism with integrative approaches. Using a real-time imaging approach, we quantitatively revealed the significantly more rapid kinetics of postmitotic transcriptional re-activation than interphase transcriptional activation at the same genetic locus in individual living cells. This study demonstrated that post-mitotic transcriptional re-activation is mediated by a distinct mechanism mediated by gene bookmarking. Furthermore, tethering experiments revealed a previously unrecognized function of BRD4 in chromatin de-compaction, which may be key to the mechanism mediating the rapid kinetics of transcriptional re-activation in post-mitotic cells. Together, our findings significantly advance the understanding of gene bookmarking and the mechanism of epigenetic memory in mediating transcriptional re-activation.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology 8 . pCMV-MS2-mCherry and pSV2-mCherry-Pol II were cloned by swapping YFP for the mCherry fragment (mCherry was a gift from R. Tsien, University of California, San Diego, La Jolla, California, USA). pSV2-YFP-CDK9 was subcloned by M.R. Hübner (Cold Spring Harbor Laboratory, USA). pTet-On-YFP was subcloned by L. Denis; pTet-On-puro was constructed by subcloning the puromycin-resistant gene into pTet-On (Clontech Laboratories). pCMV-mCherry-Lamin B1 was provided by R. I. Kumaran (Cold Spring Harbor Laboratory, USA). pCMV-lacI-mCherry-BRD4 was constructed by cloning the BRD4 fragment (BRD4-GFP was a gift from K. Ozato, NIH, USA) into pCMV-LacI-mCherry (ref. 17 ). pSV2-BRD4-mCherry and pSV2-BRD4-YFP were constructed by subcloning BRD4 into a modified pEYFP-C1/mCherry-C1 vector containing an SV2 promoter.
Cell culture, transfection and stable cell lines. All of the U2OS-2-6-3-derived stable cell lines were grown and maintained in DMEM supplemented with penicillin-streptomycin (Invitrogen) and 10% Tet system-approved fetal bovine serum (FBS) (Clontech Laboratories) plus selection drugs: G418 (400 µg ml −1 , Invitrogen) and hygromycin B (100 µg ml −1 , Invitrogen). Cells were grown at 37 • C and 5% CO 2 .
Transient transfection was carried out either using Fugene 6 reagent (Roche) as per the manufacturer's protocol or by electroporation 8 using a Gene Pulser II (Bio-Rad Laboratories). Cells were seeded onto either acid-washed coverslips for immunofluorescence analysis or MatTek glass-bottom microwells (MatTek) for live-cell imaging.
All U2OS-2-6-3-derived stable cell lines were generated by the same protocol. Parental U2OS-2-6-3 cells were transfected with plasmid(s) by electroporation (160 V, 950 µF; Gene pulser II, Bio-Rad). Cells stably expressing the fusion protein(s) were selected with G418 (400 µg ml −1 ) for 14 days, and individual colonies were picked and expanded. Then each colony was screened using a fluorescence microscope (Axioplan 2i and AxioImager.Z1; Carl Zeiss) to further select a clone with >90% of its population expressing the fusion protein on the basis of its fluorescent signal.
Live-cell imaging. Cells were seeded onto MatTek glass-bottomed microwells and grown for 1-2 days. During imaging, cells were cultured with DMEM without phenol red in the medium (Invitrogen) supplemented with 30% Tet systemapproved FBS (Clontech Laboratories) in an environmental chamber equilibrated at 37 • C and 5% CO 2 . Image acquisition was carried out on an Applied Precision DeltaVision Core microscope with a PlanApo 60×1.40 numerical aperture objective lens (Olympus America). Image stacks (10 × 1 µm, 2 × 2 binning) were collected every 2-5 min and subjected to maximum intensity projection. Exposure times were kept to a minimum (∼50 m s) to minimize photobleaching; ultraviolet wavelengths were filtered out with a sharp cutoff (long-pass) filter at ∼420 nm to minimize phototoxicity. Images were collected using SoftWoRx software (Applied Precision). Image analysis. Images were analysed by custom-written MatLab programs.
Images were thresholded to identify the locus signal. The geometric centre of the thresholded locus area was used to place a square border to include the locus area. For each data set, an area with fixed size was chosen to include the locus through all time points. The average fluorescent signal of the selected locus area was then quantified. If the locus signal was too low to be identified, the 'locus signal' was then assigned as the background nucleus signal. To offset the fluctuation of background signal, the locus signal was normalized with the average signal of the whole nucleus. The normalized locus signal was then plotted against the time value for curve fitting.
Curve fitting, rising-time quantification and data alignment.
For the fluorescent signals of each sample, a base value was determined as the average of the 10 lowest values and the plateau value was determined as the average of the 10 highest values. The fluorescent signals of each sample were therefore normalized with the base value and the plateau value as: normalized data = (raw data − base value)/(plateau value − base value).
Using the time value as X values and the normalized fluorescent signal value as Y values, the normalized data were then fitted by a custom-written MatLab program using a least-squares curve-fitting algorithm and the sigmoid function:
, in which a and b were the parameters to be determined by the program for each sample ( Supplementary Fig. S3 ). The parameter a reflects the X (time) value at which the Y value reaches the half-maximum, whereas the parameter b reflects how fast the Y value reaches the half-maximum. On the basis of the fitted sigmoid function, the program will calculate at which X value (time point) the Y value first reaches 0.05, and this time point will be assigned as the time point T5. Similarly, the program will calculate at which X value (time point) the Y value first reaches 0.95, and this time point will be assigned as the time point T95. Rising time was then defined as the difference between T95 and T5. To align the curves of different samples, T5 of each sample was assigned time 0 and the following time points were changed accordingly. For example, if T5 of sample A was 30 min in the original data, after normalization, the time point 50 min of sample A would be changed to the time point 20 min and the original time point 20 min would be time −10 min. After aligning with T5, the normalized signal value (not the fitted curve) of all samples could then be averaged.
Immunofluorescence and super-resolution microscopy. Immunofluorescence assays were carried out as previously described 52 . Cells were incubated with primary antibodies overnight at 4 • C: rabbit anti-acetylated H4 (H4ac, 1:200, 06-866, Millipore), rabbit anti-tetra-acetylated-H4 (TH4, 1:500; provided by C. D. Allis, The Rockfeller University, USA) and rabbit anti-BRD4 (1:200, ab75898, Abcam). Fixed cells were observed using an Applied Precision OMX system equipped with 405, 457, 488, 514 and 593 nm solid-state lasers; a UPlanS Apochromat ×100/1.4 NA objective lens (Olympus); and 4 EMCCD (electron-multiplying charge-coupled device) cameras (Cascade II 512, Photometrics) and images were collected in three-dimensional structured illumination mode and reconstructed using SoftWoRx 4.5.0 software (Applied Precision).
Locus size measurement. Data collected using the DeltaVision restoration microscope (Applied Precision) were further analysed with ImageJ public-domain image processing software. The three-dimensional deconvolved images were imported with the LOCI Bioformats plugin 53 , able to read metadata information. The loci sizes were measured on the projection results of the z-stack images, collecting information about the area, width, height and integrated density of the thresholded area. The results were collected and analysed by Microsoft Office Excel software using the width and height.
Immunoblotting. Cells were lysed in 2× Laemmli sample buffer to 5 × 10 6 cells ml −1 . Cells (5 × 10 4 ) were used for immunoblotting by using NuPAGE Novex 3-8% Tris-acetate gel (Invitrogen) according to the manufacturer's instructions. Membranes were blocked in 5% non-fat milk for 1 h at room temperature. Rabbit anti-BRD4 (1:1,000; ab75898, Abcam) primary antibody was incubated with membranes overnight at 4 • C. Membranes were washed with Tris-buffered saline (TBS) containing 0.5% Tween 20 (TBS-T) for 10 min × 3, and then incubated with secondary antibodies, HRP-conjugated goat anti-rabbit (1:10,000) for 1 h at room temperature. Membranes were then washed with TBS-T for 10 min × 3 and then TBS for 10 min × 1. To visualize immunoblots, membranes were treated with ECL kit (PerkinElmer) and then exposed to film. For loading control immunoblots, membranes were stripped using a Re-Blot Western Blot recycling kit (CHEMICON), and then immunoblotted again using anti-lamin-B1 (1:1,000, Abcam). siRNA treatment. Cells were transfected at 50% confluency using Lipofectamine RNAiMAX transfection reagent (Invitrogen), according to the manufacturer's protocol. BRD4-specific siRNA-1 (5 -GAACCUCCCUGAUUACUAUAA-3 ; ref. 21) and control siRNA for nucleotides 695-715 of firefly luciferase (5 -AAGAAUAUUGUUGCACGAUUU-3 ; ref. 54) were synthesized by Sigma; BRD4specific siRNA-2 (J-004937-07) was purchased from Dharmacon.
ChIP.
ChIP assays were carried out as previously described 55 . Cells were crosslinked with paraformaldehyde (1% for 10 min). Antibodies for immunoprecipitation were prebound to protein-A agarose beads before the incubation with chromatin. Washing, elution and extraction conditions were as described previously 55 . A detailed ChIP protocol can be found at http://stokes.chop.edu/web/blobel/. Antibodies used included anti-H4K5ac (07-327, Millipore), H4K8ac (07-328, Millipore), H4K12ac (ab1761, Abcam), H3K4me3 (ab8580, Abcam), H3 (ab1791, Abcam), H3K9me3 (ab8898, Abcam), H4K16ac (07-329, Millipore), H3K9ac (ab4441, Abcam), H3K14ac (07-353, Millipore), H3K36me3 (ab9050, Abcam) and H3K27me3 (07-449, Millipore).
All ChIP results were quantified by quantitative PCR (qPCR) carried out using SYBR green (ABI) using a StepOnePlus real-time PCR system (ABI). Each immunoprecipitation signal was averaged by duplicate qPCRs and then referenced to an input standard curve generated by dilution series (immunoprecipitation/input) to normalize for starting cell number differences and primer amplification efficiency. All experiments were carried out with at least three independent biological replicates. Error bars represent s.e.m.
All of the primers were designed using Primer3Plus (http://www.bioinformatics. nl/cgi-bin/primer3plus/primer3plus.cgi) on the basis of the DNA sequence of the targeted region. The primers with the highest score were aligned back to the human genome by using the UCSC genome browser Blat to make sure that there were no additional hits. With each pair of primers, a test using only double-deionized H 2 O
